cell swelling; high potassium ion concentration, cultured astrocytes; glutamate release; bumetanide; intracellular chloride THE NA ϩ -K ϩ -CL Ϫ COTRANSPORTERS (NKCCs) are membrane proteins that mediate the coupled, electrically neutral movement of Na ϩ , K ϩ , and Cl Ϫ across the membrane of many cell types (25) . NKCC isoform 1 (NKCC1) is important for accumulation of Cl Ϫ in neurons, astrocytes, and oligodendrocytes (17, 25, 34) .
High intracellular Cl
Ϫ concentration ([Cl Ϫ ] i ) makes possible the depolarizing action of GABA and glycine that opens Cl Ϫ channels (1) . The inhibition of spontaneous epileptiform activity in rat hippocampal slices by furosemide has been attributed to the blockade of K ϩ uptake mediated by NKCC1 in hippocampal glial cells (13, 14) . In the recent study of Yan et al. (41) , inhibition of NKCC1 by a more potent inhibitor, bumetanide, resulted in a significant reduction of edema and infarct volume in rat focal cerebral ischemia. In the current study, we investigated the role of NKCC1 in astrocyte swelling and glutamate release induced by elevated extracellular K ϩ concentration ( (36) . In a recent study (32) , we found that the activity of NKCC1 in cultured rat cortical astrocytes was significantly stimulated under 75 mM [ H-labeled D-aspartate (Asp) release from cultured astrocytes is inhibited by the anion channel inhibitors L-644711 and dideoxyforskolin (26) . We hypothesized that NKCC1 may play a role in a swelling-dependent release of EAA under high-[K ϩ ] o conditions.
We report here the effects of inhibition of NKCC1 activity on cell swelling, intracellular Cl Ϫ accumulation, changes of intracellular Na ϩ concentration ([Na ϩ ] i ), and release of 14 C-labeled D-Asp in cultured cortical astrocytes under high [K ϩ ] o .
MATERIALS AND METHODS

Materials.
Bumetanide, digitonin, Triton X-100, monensin, gramicidin, and 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS) were purchased from Sigma (St. Louis, MO). Eagle's modified essential medium (EMEM) and Hanks' balanced salt solution (HBSS) were from Mediatech Cellgro (Herndon, VA). Fetal bovine serum was obtained from Hyclone Laboratories (Logan, UT). Collagen type I was from Collaborative Biomedical Products (Bedford, MA). 86 RbCl was purchased from NEN Life Science Products (Boston, MA). D- [ 14 C]Asp was from American Radiolabeled Chemicals (St. Louis, MO). Chloride-36 was purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Sodium-binding benzofuran isophthalate (SBFI)-AM was purchased from Molecular Probes (Eugene, OR). Pluronic acid was purchased from BASF (Ludwigshafen, Germany).
Primary culture of rat cortical astrocytes. Dissociated cortical astrocyte cultures were established as described previously (32) . Cerebral cortices were removed from 1-day-old rats (Sprague-Dawley). The cortices were incubated in a trypsin solution for 25 min at 37°C. The tissue was then mechanically triturated and filtrated through nylon meshes (70 m). The dissociated cells were rinsed and resuspended in EMEM containing 10% fetal bovine serum. Viable cells (1 ϫ 10 4 cells/well) were plated in 24-well plates coated with collagen type 1. Cultures were maintained in a 5% CO2 atmosphere at 37°C. The cultures were subsequently refed every 3 days throughout the study. To obtain morphologically differentiated astrocytes, confluent cultures (days 12-15 in culture) were then treated with EMEM containing 0.25 mM dibutyryl cAMP (DBcAMP) for 7 days to induce differentiation. DBcAMP has been widely used to mimic neuronal influences on astrocyte differentiation (11, 35) . Experiments were routinely performed on cultures treated with DBcAMP for 7 days. More than 95% of cells in culture yielded by this preparation were astrocytes (32) .
Measurement of relative cell volume changes in single cell. Relative cell volume changes were determined in cultured single astrocytes on coverslips with video-enhanced differential interference contrast (DIC) microscopy (7, 10, 39) . Astrocytes were cultured on collagen-coated coverslips and placed in a home-made bath chamber mounted on the stage of a Nikon TE 300 inverted epifluorescence microscope. The bath chamber was perfused continuously at room temperature at 1.0 ml/min, and the dead space between the perfusion pump and the bath chamber was 1.15 ml. Astrocytes were equilibrated with an isotonic HEPES-buffered minimal essential medium (MEM; 312 mosmol/kgH2O) for 15 min. The concentrations of components in HEPES-MEM were (mM) 140 NaCl, 5. Roper Scientific, Trenton, NJ). For each image, the cell body was traced three separate times with a mouse and the mean cross-sectional area (CSA) of the cell body was calculated with MetaMorph image-processing software (Universal Imaging, Downingtown, PA). The control CSA values were obtained when cells were exposed to HEPES-MEM only. Relative volume changes were calculated as CSAr ϭ experimental CSA Ϭ control CSA. On the same image, a peripheral astrocytic process that was far distant from the cell body was selected and the mean cross-sectional distance of the process (CSD) and relative CSD (CSD r) were determined in a manner similar to the CSA measurement. After each experiment, a calibration curve was constructed by measuring relative cell volume changes in response to HEPES-MEM calibration buffers in which salt concentrations were held constant and the osmolality (238, 277, and 312 mosmol/kgH 2O) was adjusted by varying the buffer concentration of sucrose.
Assay for NKCC1 activity. NKCC1 activity was measured as bumetanide-sensitive K ϩ influx with 86 Rb as a tracer for K ϩ (32) . Cultured astrocytes were equilibrated for 10-30 min at 37°C with isotonic HEPES-MEM (312 mosmol/kgH 2O). Cells were preincubated for 10 min in HEPES-MEM containing either 0 or 10 M bumetanide. For assay of cotransporter activity, cells were exposed to 1 Ci/ml of 86 Rb in HEPES-MEM for 3 min in the presence or absence of 10 M bumetanide. 86 
D-[
14 C]Asp release measurement. Aspartate release was measured as described by Rutledge and Kimelberg (27) . Astrocytes grown on chamber slides (Fisher, Pittsburgh, PA) were incubated overnight in 1 ml of complete EMEM con-
Asp is used as a nonmetabolizable marker for the intracellular glutamate and aspartate pool (27) . Both of these amino acids are transported by the same glutamate carrier proteins (5, 8) . A perfusion chamber was formed by a special lid that contains influx and efflux tubings in the chamber. The perfusing rate was 1.5 ml/min. This chamber allows a complete change of the perfusing buffer within 2 min. The cells were perfused at a constant flow rate with HEPES-MEM containing 5.8 or 75 mM [K ϩ ]o, in the presence or absence of 10 M bumetanide. The buffers and perfusion chamber were kept at 37°C. The perfusate was collected in 1-min intervals. At the end of the experiment, the cells were digested in 1% SDS. The radioactivity of samples was measured by liquid scintillation counting (Packard 1900CA). Calculation of fractional release was based on the following formula: fractional release ϭ C t/[Sum(Ct:Cend) ϩ C remain], where Ct is the cpm value in the effluent at time t, C end is the cpm value in the effluent at the end of the experiment, Sum(C t:Cend) is the total cpm value from time t to the end of the experiment (27) , and C remain is the cpm value left in the cells at the end of the experiment.
14 C]Asp uptake assay. The assay was performed according to a method described by Kimelberg et al. (18) . Cells were refed with EMEM on the evening before the uptake assay. On the following day, cells were washed four times (1 ml each) with HEPES-MEM to remove growth medium. The cells were preincubated with HEPES-MEM containing 5. 2 Ci/0.5 ml in each well) ϩ unlabeled D-Asp (100 M) was added to each well. The cells were then incubated for 1, 2, or 3 min. The uptake assay was terminated by three washes with ice-cold 0.1 M MgCl2 (1 ml each). Radioactivity of cellular extract in 1% SDS was analyzed by liquid scintillation counting. Uptake rate was determined by analyzing the slope of the uptake over time.
RESULTS
Inhibition of NKCC1 abolishes high-[K
ϩ ] o -induced astrocyte swelling. To validate DIC microscopy for the determination of CSA r and CSD r in single cells, we measured the changes in CSA r in cultured astrocytes perfused with isotonic and hypotonic HEPES-MEM buffers (Fig. 1A) . CSA r responded linearly (r ϭ 0.999) as the osmolality of the perfusion buffer decreased. CSA r returned to basal levels when cells were incubated in the isotonic buffer (data not shown). This suggests that changes of CSA r in astrocytes measured by DIC microscopy can be used as an estimate of cellular volume changes, as reported by others (7, 10, 39) .
When astrocytes were exposed to 75 mM [K ϩ ] o , CSA r increased gradually and reached a maximum value of 19% after 8 min (Fig. 1B, b) . CSA r returned to basal levels within 10 min when the cell was perfused with (Fig. 1B, d ). We then further tested whether the lack of the swelling in the presence of 75 mM [K ϩ ] o ϩ bumetanide could be due to a lack of a cellular response to the second 75 mM [K ϩ ] o stimulus. As shown in Fig. 1B (inset) , a second exposure of cells to 75 mM [K ϩ ] o without bumetanide led to a degree of swelling similar to that from the first exposure. Figure 1C , left, summarizes CSA r measurements on single astrocytes. Maximal CSA r was significantly increased during the high-[K ϩ ] o perfusion (P Ͻ 0.05). This response was abolished in the presence of 10 M bumetanide (P Ͻ 0.05). This suggests that NKCC1 is involved in astrocyte swelling in response to
NKCC1 is expressed in plasma membrane of the cell body and process of astrocytes (32, 40) . To test whether NKCC1 also contributes to swelling in the cell process, CSD r was measured. Similar to CSA r , CSD r increased significantly during high-[K ϩ ] perfusion (a maximum value of 29 Ϯ 4%, P Ͻ 0.05; Fig. 1C, right) 36 Cl rise was significantly inhibited. The values of intracellular 36 Cl Ϫ content were significantly less than in non-bumetanidetreated cells at 1, 4, 6, 10, or 13 min (P Ͻ 0.05; n ϭ 5). A small 36 Cl increase was observed at 10-13 min. The Fig. 5A ). This reflects a loss of SBFI from the cytoplasm. When the detergent Triton X-100 (1%) was subsequently added to cells, the 340-nm SBFI fluorescence signal decreased to near zero. This is presumably the result of release of the remaining SBFI dye from intracellular organelles. Typically, we selected a region of the cell cytoplasm that was as free of punctuate SBFI fluorescence as possible. Thus the SBFI fluorescence signals (340-to 380-nm ratios) measured in this study largely represent changes of Na ϩ in the cytoplasm of astrocytes. This pattern of intracellular SBFI dye localization in rat cortical astrocytes has been reported in rat hippocampal astrocytes (23) .
Calibration of [Na ϩ ] i was performed by a four-point calibration at the end of each experiment (Fig. 5B) (Fig. 6, A and B (Fig. 6A) . A similar pattern was found in cells without bumetanide (data not shown). As shown in (Fig. 6, A and B) .
To further investigate the effect of NKCC1 on [Na ϩ ] i , the slopes of intracellular Na ϩ changes during and after 75 mM [K ϩ ] o treatment were determined (Fig. 7,  inset) To investigate whether cotransporter-mediated cell swelling is involved in glutamate release, we examined whether blocking cotransporter activity could inhibit aspartate release. As shown in Fig. 8A , under control conditions a trace level of release of preloaded D-[
14 C]Asp was detected. This is consistent with a previous report (27) . (Fig. 8B ). This inhibition of aspartate release could be reversed by removal of 10 M bumetanide (Fig. 8B) . Figure 8C shows that the average peak value of the fractional release under high [K ϩ ] o was 1.52 Ϯ 0.17% (n ϭ 4). In contrast, the fractional release was 0.68 Ϯ 0.13% (n ϭ 4) in the presence of bumetanide (P Ͻ 0.05). 
DISCUSSION
Role of NKCC1 in high-[K ϩ
] o -induced astrocyte swelling. Astrocytes are thought to have a primary role in the clearance of K ϩ from the extracellular space in physiological and pathological conditions (38) . Recently, Yan et al. (40) reported that NKCC1 protein is expressed in astrocytes in rat cortex, cerebellum, and hippocampus. An abundant level of NKCC1 protein is also detected in perivascular astrocytes (40) . NKCC1 has been suggested to play a role in K ϩ uptake in cortical (36) or hippocampal (14) Fig. 8 ), has been suggested to be mediated via a reversal of the glutamate transporters (26, 27) . This small release was enhanced by an increase of intracellular Na ϩ with 1 mM ouabain and inhibited by the glutamate transporter inhibitor threo-hydroxy ␤-aspartic acid (26, 27 Glutamate release from astrocytes can also occur in response to cell swelling via VSOACs (2, 27) . However, the channel(s) responsible for VSOAC function remain to be identified (30, 31) , although several members of the Cl Ϫ channel subfamilies (ClC-3, 4, and 5) are proposed candidates (2, 15) . Rutledge and Kimelberg (27) reported that the rate of ] o -induced glutamate release mechanism described above (26 
